Introduction
Sequence comparison methods and structural homology models are often used to imply evolutionary relationships between proteins in the same family or of the same function. 1, 2 These analyses are additionally used to infer the function of uncharacterized proteins. 3, 4 Enhancing our understanding of protein evolution furthers our insights into cellular processes, enables the discovery of drug targets and disease markers, while validating or establishing phylogenies of organisms, among numerous other beneficial impacts. 5 However, evolutionary studies are limited for distantly related proteins in which sequence and structural similarity may not be easily deduced. Sequence comparison methods assume a constant rate of amino acid substitution and are not suitable for all phylogenetic reconstructions of ancestral sequences. Correspondingly, for sequences with minimal identity local conformations can vary greatly and may inhibit structural studies. 6 It is understood that although the rate of sequence evolution is highly variable, residues essential to function and active site chemistry will remain highly conserved over time. 7 Slight changes in the position and identity of an active site residue can lead to changes in both substrate and reaction specificity. 1, 8 In fact, it has been proposed that catalytic residues maintain their position and identity longer than the configuration of some secondary structures. 9 The importance of these residues has spawned many computational approaches to assist with the prediction of active site residues, [10] [11] [12] the functional annotation of proteins based on active sites, [13] [14] [15] as well as gene functional annotation. 16, 17 Additionally, the evolution of homologous proteins sharing low sequence identities has been inferred using active site structure geometries. 9, 18, 19 These observations are consistent with the premise that molecular evolution and functional evolution proceed through distinct processes. Molecular evolution is driven by random mutational events where maintaining function is paramount. 1, 2 Conversely, protein functional evolution requires a new gene through duplication, acquisition or creation that enables protein functional drift while avoiding a negative impact on cell fitness. [20] [21] [22] Correspondingly, analyzing functional evolution may require a different approach from the global sequence comparisons routinely used for molecular evolution. 1, 2 In this manner, active site structures may be a suitable alternative for inferring an evolutionary relationship based on function. 23 Some of the most diverse and versatile classes of enzymes are those that utilize pyridoxal-5'-phosphate (PLP) as a cofactor. 24 These enzymes are found in five of the six classes defined by the Enzyme Commission and catalyze a multitude of different reactions. 25 The diversity of the reactions can be attributed to the electron sink properties of the cofactor 26 and the stereochemical restraints in the active site of the enzyme. [27] [28] [29] PLPdependent enzymes acting on amino acid substrates can be separated into four families of paralogous proteins annotated as fold-types I-IV. 26, 30 Interestingly, each of the fold-types are highly promiscuous in terms of function, and multiple examples of convergent evolution have been discovered. 24 These observations have led to the hypothesis that the four lineages of PLP-dependent enzymes developed in the last common universal ancestor.
Extensive work has been done with sequence-based methods to establish a phylogenetic relationship among PLP-dependent enzymes. 24, 31, 32 These studies, however, have been limited to small subgroups due to the low sequence identity within each fold-type and across all PLP-dependent enzymes. Remarkably, the functions of these enzymes are highly dependent on the structure of their active sites. Although these enzymes lend themselves to an evolutionary study based on active site structures, one has not yet been undertaken.
Here, we use a novel method to compare the active site structures of 204 PLP-dependent enzymes from the four different fold-types that are specifically involved in amino acid metabolism. The Comparison of Protein Active Site Structures (CPASS) software and database was developed to aid in the functional annotation of uncharacterized proteins by comparing ligand defined active sites. 15, 33 As a sensitive measure of active site geometry, it was proposed that CPASS could also be used to model families of divergent proteins. In this work we present the functional evolution of PLP-dependent enzymes based on active site structures. To the authors' knowledge, this is the first study of its kind that models the functional evolution of a superfamily of proteins by active site comparisons, and the first to model all PLP-dependent fold-types together on one network. Results were compared to previous studies using both sequence and structure-guided methods. We find that the active site comparisons successfully cluster the enzymes based on both function and threedimensional fold-type.
Materials and Methods

Active Site Structure Comparison
Three-dimensional structures with ligand-defined active sites were gathered from the Protein Data Bank on May 9, 2014. 34 An all versus all comparison was carried out between the active site structures using the Comparison of Protein Active Site Structures (CPASS) software. CPASS finds the optimum structural alignment between two active sites by maximizing a scoring function based on structure (Cα,Cβ and Ligand RMSD, Solvent accessible surface area) and sequence (BLOSUM62) similarity. 35, 36 The scoring function is the summation of an ideal pairing of residues between each of the active sites rather than a summation of all possible pairings. Therefore, it is possible that active site residues remain unpaired during analysis. Since the CPASS algorithm is dependent upon the size of the active site query, an asymmetrical similarity matrix was generated from the all versus all comparison. The lower score of the two pairwise comparisons was extracted and converted to a distance by subtracting from 100% similarity. From the resulting distance matrix, only the PLP bound proteins that acted on amino acid substrates were extracted. Redundancies in the PLP-distance matrix were removed. A total of 204 X-ray crystal structures and corresponding active sites were analyzed in this study.
Protein Annotation
A total of 204 PLP-dependent proteins were functionally annotated with Enzyme Commission (EC) numbers using the UniProt database 37 and in-house software. Enzymes that did not have an EC number in the UniProt database were assigned manually using the PDB. For enzymes with more than one number or classification, only the first was taken. Species, phylogenetic kingdom, and fold-type annotations were done manually using the PDB and UniProt databases as well as literature sources.
Phylogenetic Analysis
A phylogenetic network using all of the PLP-dependent enzymes was generated with Splitstree4 38 using the Neighbor-Net algorithm. 39 The network represents a deterministic model of the distances obtained from the CPASS algorithm and software. Identification of the four fold-type clusters was accomplished by visual inspection of the network. Each of the clusters is continuous and does not contain enzymes that are not of the same fold-type. Phylogenetic trees were created for each of the fold-types using Dendroscope, 40 CPASS distances, and the Neighbor-join algorithm. Neighbor joining is an agglomerative clustering method in which a tree is built from a distance matrix. Briefly, the two closest taxa in the distance matrix are joined to create a new node. Distances from each of the remaining taxa to the new node are recalculated and the matrix is updated. As this process is repeated, the distance matrix shrinks until only a pair of nodes remains.
Sequence Identity
The PDB IDs for the 204 PLP-dependent enzymes in this study were submitted to the UniProt database for primary sequence retrieval. The sequences were subsequently submitted to Clustal Omega 41 for multiple sequence alignment (MSA) using the default parameters. The MSA and percent identity matrix were retrieved upon completion and visualized in the R software environment. A histogram was generated with intervals of 0.2 percent identity and represents the entire, non-condensed percent identity matrix. A heat map of the entire matrix was also generated with a white to red gradient corresponding to low and high percent identity. The ordering of the sequences in the heat map corresponds to the ordering in Table S1 .
Structure Alignment
The 204 PLP-dependent enzymes were further subjected to an all versus all structural alignment using TM-align. 42 Results from the pairwise comparisons were organized into a matrix and were visualized in the R software environment. A histogram was generated with TM-align score intervals of 0.001 and represents the entire symmetrical matrix. Correspondingly, a heat map of the matrix was generated with a white to red gradient representing low and high TM-align scores, respectively. Ordering of the heat map is the same as the sequence identity ordering and follows the order in Table S1 .
Comparison of Type-I Transaminase Active Sites
From the 204 PLP-dependent enzymes in the CPASS dataset, 4 enzymes were selected to elucidate the active site differences that encode substrate specificity. An acetylornithine (ACO) transaminase (PDB ID: 2ORD), a γ-aminobutyric acid (GABA) transaminase (PDB ID: 1OHW), an aspartate (Asp) transaminase (PDB ID: 1ARG), and a tyrosine (Tyr) transaminase (PDB ID: 3DYD) were selected from functional clusters 1, 1, 4b, and 4a, respectively. Active site residues for each of the enzymes were selected based on their proximity to the PLP ligand (6 Å) as defined by CPASS. Active sites were overlaid in Chimera 43 and visually inspected for the changes resulting in different substrate specificity. Additional transaminases with the same function as the four in question were subjected to individual multiple sequence alignments in Clustal Omega. The additional enzymes were manually selected from the PDB and were not present in our original dataset because a bound ligand was not present in the structure.
Results
Phylogenetic Network Analysis
Phylogenetic analyses were carried out on 204 PLP-dependent enzymes with bound cofactor (Table S1 ) from each of the four fold-types previously defined in the literature. 26 It is well known that each of the fold-types originated from separate evolutionary lineages. Using sequence-based phylogenetic methods, 24 each of the lineages has been visualized with a molecular evolutionary tree structure. However, due to their low sequence identity visualizing all of the fold-types together has not yet been accomplished. Using active site similarity comparisons, it is possible to display all of the PLP-dependent enzymes in one phylogenetic network that demonstrates an evolutionary relationship based on function ( Figure 1 ). Type-I enzymes make up the largest portion of the PLP enzymes and encompasses most of the enzymes that act at the Cα position of the substrate. Type-II enzymes catalyze reactions at the Cα and Cβ positions and contain fewer members compared to Type-I. The final two folds, Types III and IV, have the fewest members of PLP-dependent enzymes. The function-based phylogenetic network suggests that each of the fold-types originated from an independent lineage. The main branches of the network all spawn from the center, indicating a universal organism contained ancestral enzymes for each of the fold-types. Also evident are clear separations within each of the groups that form function-specific clusters (numbered 1 through 13). The functional network also highlights the advantages of using an enzyme's active site to elucidate an evolutionary relationship. Each of the PLP-dependent fold-types has a defined active site geometry, and within each type, each function-specific cluster has a unique variation in the active-site geometry. However, the functional network only gives a general overview of the relatedness between each of the functions in the fold-types and between the fold-types. To make valid inferences of functional evolutions, further analysis is still necessary.
Phylogenetic Analysis of Type-I Enzymes
Active site similarity scores from the enzymes in the Type-I fold-type were analyzed in detail to find a phylogenetic relationship among functional clusters 1-7 ( Figure 2 ). The dominating function of fold-type I involves transaminase activity (EC 2.6.1), which is found in clusters 1, 2, 4 and 7. Clusters 3, 5 and 6 are primarily comprised of carbon-sulfur lyases (EC 4.4.1), decarboxylases (EC 4.1.1), and glycine hydroxymethyltransferases (EC 2.1.2.1), respectively. Although clusters 1, 2, 4 and 7 share a broad transaminase activity, these clusters are punctuated in the phylogenetic tree by the remaining functional clusters. This observation suggests multiple Type-I enzymes existed in a common ancestor with specialized function. Conversely, a continuous grouping of all the transaminases would have implied the existence of a single transaminase with broad substrate specificity. Previous studies have recognized similar divisions within the Type-I fold using sequence homology methods and structural alignment tools; and came to the same conclusion. [44] [45] [46] The punctuation in the active site similarity tree highlights the sensitivity of CPASS for comparing residues and geometries of active sites; and supports its use as a phylogenetic tool.
There are multiple examples of bacterial and eukaryotic species with homologous enzymes within the Type-I functional clusters (Table S1 ). A general idea of the extent of enzyme divergence from a universal ancestor can be elucidated based on how these homologous enzymes group within the Type-I functional clusters. In cluster 3, the methionine gammalyases (EC 4.4.1.11) belonging to eukaryotic T. vaginalis and bacterial P. putida were found to be closely related. Directly following in the phylogentic tree are the cystathionine gamma-lyases (EC 4.4.1.1) for both eukaryotes and bacteria. This indicates that a methionine gamma-lyase and a cystathionine gamma-lyase existed in a universal ancestor. Similar examples are also found in clusters 2, 6, and 7 for phosphoserine transaminases (EC 2.6.1.52), kynureninases (EC 3.7.1.3) and glycine hydroxymethyltransferases (EC 2.1.2.1), respectively.
Aspartate transaminases are present in both clusters 4a and 4b, but a clear separation between these two clusters is apparent in the phylogenetic tree shown in Figure 1 . This is due to the fact that eukaryotic aspartate transaminases are only found in cluster 4b, while bacterial aspartate transaminases are found in both clusters 4a and 4b. The eukaryotic enzymes in cluster 4a are comprised of carboxylate synthases (EC 4.4.1) from the kingdom Plantae, and tyrosine and alanine transaminases (EC 2.6.1.5 and 2.6.1.2) from the kingdom Animalia. This finding does not support the idea that all Type-I enzymes became highly specialized in the last universal ancestor. Instead, our results suggest that a promiscuous aspartate transaminase was passed on to emergent species and, through subsequent speciation and gene duplication events, the enzymes in clusters 4a and 4b became more functionally specialized and more substrate specific.
Phylogenetic Analysis of Type-II Enzymes
A detailed phylogenetic analysis was also carried out on the Type-II PLP-dependent enzymes using CPASS similarity scores and the Neighbor-Join algorithm (Figure 3a) . Three functional clusters based on active site similarity were identified for this fold-type and are labeled as clusters 8, 9 and 10. Enzymes catalyzing deaminase reactions on 1-aminocyclopropane-1-carboxylate (EC 3.5.99.7) are found exclusively in cluster 8. These enzymes belong to species in archaeal and eukaryal domains indicating that their function was specialized in a common ancestor. The same observation was made for the enzymes in 
Phylogenetic Analysis of Type-III Enzymes
Phylogenetic analysis was also undertaken to explain the emergence of enzymes belonging to the Type-III fold-type (Figure 3b ). Clusters 11 and 12 were found to be discernibly different from one another in the phylogenetic network ( Figure 1 ) and, correspondingly, separate from one another on the phylogenetic tree created with the Neighbor-Join algorithm. Alanine racemases (EC 5.1.1.1) exclusively populate functional cluster 12; whereas, functional cluster 11 is made up of three comparable decarboxylases. Unlike most of the enzymes in fold-types I and II, it does not appear the Type-III enzymes specialized in the last common ancestor. In our dataset, diaminopimelate decarboxylases (DAPDC, EC 4.1.1.20) and arginine decarboxylases (ADC, EC 4.1.1.19) from bacterial and archaeal species are present while ornithine decarboxylases (OCD, EC 4.1.1.17) appear only from eukaryal species. However, function specific clustering of the enzymes in cluster 11 is not observed. It is likely that a decarboxylase with a very generic active site existed in a common ancestor due to the kingdom specific characteristics of the current enzymes. 47, 48 Additionally, ODCs for bacterial species can be found in functional cluster 5 of the Type-I enzymes. This example of convergent evolution further supports the idea of a broad-based decarboxylase belonging to the Type-III fold. A viral ADC (PDB ID: 2NV9) is also present within functional cluster 11, but does not cluster with the bacterial ADCs. It was previously hypothesized that this enzyme was acquired from a bacterial ornithine decarboxylase and subsequently mutated toward arginine specificity. 49 CPASS analysis supports this proposal as the enzyme clusters with eukaryal ODCs and a bacterial DAPDC instead of the bacterial ADCs. Specifically, this finding represents an example of convergent evolution within the Type-III fold.
Phylogenetic Analysis of Type-IV Enzymes
Type-IV enzymes occupy the smallest portion of all PLP-dependent enzymes and form only one functional cluster (Figure 3c ). Cluster 13 contains aminodeoxychorismate lyases (EC 4.1.3.38), branched chain amino acid transaminases (EC 2.6.1.42) and a D-amino acid transaminase (EC 2.6.1.21). Similar to the other three fold-types, the function specific enzymes in this family group together. However, because there is only one D-amino acid transaminase represented in the dataset, the enzyme is grouped with the branched chain amino acid transaminases. Interestingly, D-amino acid transaminases share similar active site characteristics with the Type-I transaminases. 50 The geometry and residue identity is different enough, however, to distinguish between Types I and IV enzymes without having to look at the three-dimensional structure.
Sequence Identity and Structural Similarity
A heat map and corresponding histogram was generated from a multiple sequence alignment (MSA) of the 204 PLP-dependent enzymes (Figure 4a-b) . Values above 20% identity belong to self-comparisons and comparisons of closely related homologous enzymes within the same organism. This can be seen visually as the diagonal line in the corresponding heat map. As expected, the histogram shows that the majority of the pairwise comparisons are well-below 20% sequence identity. This is consistent with prior observations that PLPdependent enzymes have very low sequence identity. 24, 31, 32 Importantly, establishing a protein function based solely on sequence homology significantly decreases in reliability as sequence identity falls below 50%. 51 Presumably, a similar high level of uncertainty in establishing a functional evolutionary relationship would occur for proteins with sequence identity well-below 20%.
The 3D structures of PLP-dependent enzymes were also analyzed to ascertain the reliability of using structures of distantly related proteins to generate a functional evolutionary model. Figure 5a -b illustrates the resulting histogram and heat map of the pairwise structural alignments of the 204 PLP-dependent enzymes. The histogram shows a bimodal distribution of TM-align scores. TM-align scores greater than 0.5 are consistent with two proteins sharing the same CATH or SCOP fold. Correspondingly, the ~0.6 TM-align scores occur for PLP-dependent enzymes within the same fold-type. Conversely, the lower TM-align scores result from comparisons between fold-types. The associated heat map of TM-align scores clarifies this point; high TM-align scores are clustered by fold-type. Although structural alignments are able to separate the fold-types and determine proper PLP-dependent enzyme membership within a fold-type, the global structural information is not sensitive enough to cluster the PLP-dependent enzymes based on function. In essence, the global structural similarity between enzymes within a fold-type over-whelms any subtle differences related to functional divergence. Similarly, the large structural differences between fold-types negate any local similarities that may be present due to a common functional ancestor.
Comparison of Type-I Transaminase Active Sites
The evolutionary network based on active-site similarity depicted in Figure 1 identified acetylornithine (ACO) transaminase (EC 2.6.1.11, PDB ID: 2ORD) and a γ-aminobutyric acid (GABA) transaminase (EC 2.6.1.19, PDB ID: 1OHW) as nearest neighbors in the network. Both enzymes correspond to fold-type I and are located in cluster 1, but the enzymes have different EC numbers and substrate specificity. Thus, the active sites were compared in order to reveal structural change(s) that contribute to the different substrate specificities that led to a functional divergence (Figures 6a-b) . The goal was to further explore the validity of the phylogenetic network based on CPASS similarity scores to provide insights on the pathway of functional evolution. Further pairwise comparisons were also made with enzymes from functional clusters 4a and 4b in order to show a progressive, step-wise transition of one active site structure to the next. An aspartate (Asp) transaminase belonging to functional cluster 4b (EC 2.6.1.1, PDB ID: 1ARG) was overlaid with the GABA transaminase to show the active site structural change between functional clusters (Figures 6b, d ). The final comparison between the Asp transaminase and a tyrosine (Tyr) transaminase (EC 2.6.1.5, PDB ID: 3DYD) was undertaken to show the active site differences between functional clusters 4b and 4a as well as the structural changes necessary to accommodate the larger substrate (Figures 6c-d) .
Discussion
Sequence and structural homology models are typically used to infer descent from a common ancestor -molecular evolution. Many examples of protein evolution have been constructed based solely on sequence information. The advent of computational algorithms based on probability theory has provided a powerful means for inferring sequence homology and evolutionary relationships. 52, 53 However, these methods encounter difficulties when dealing with very divergent sequences. At low sequence identity, the incorporation of gaps for a suitable alignment may produce results that are not genuine. 54 The spatial arrangement of local structures begins to define the function of a protein and represents an important, but distinct, evolutionary signal -functional evolution. 23 Several methods have been developed that use structural templates to help guide and ultimately improve the alignment of divergent sequences. 55, 56 Conversely, when both sequence and structure are divergent these methods become less reliable. 51 Critically, while molecular evolution and functional evolution are related, they proceed through distinctly different mechanisms. 1, 2, 20 Correspondingly, different approaches are needed to measure the evolution of homologous proteins across multiple species compared to investigating the evolutionary relationship of various protein functions. Thus, instead of applying global sequence similarities to infer an evolutionary relationship between distantly related proteins, investigating functional evolution requires a targeted approach by analyzing the sequence and structural characteristics of functional epitopes or protein active-sites.
The CPASS software and database was initially designed to functionally annotate novel proteins based on ligand defined active site structures and to act as a complement to drug discovery programs. 15, 33 CPASS finds the optimal sequence and structural alignment between two active sites, exclusive of sequence connectivity, and returns a similarity score. It was found that CPASS could effectively group and annotate proteins that bound the same ligand based on specific function. 15 Further analysis of the results led to the hypothesis that CPASS may also infer an evolutionary relationship based on function since active site structure and geometry is primarily functionally dependent. CPASS does, however, have an inherent disadvantage since it requires a 3D structure of the enzyme with a bound ligand.
PLP-dependent enzymes encompass a broad-range of catalytic functions and represent a significant percentage of an organism's genome. 57 Correspondingly, PLP-dependent enzymes are a common target for investigating protein evolution. 24, 31, 32 Complicating these analyses is the fact that PLP-dependent enzymes suffer from low sequence identity within and between the four different fold-types. 45, 58 For these very distantly related proteins, any sequence similarity that still remains will only be found in the regions of the proteins that evolve at a significantly slower rate (functionally important) rather than over the entire sequence length. The incorporation of additional sequence information, which is not associated with these functionally conserved regions, is likely to negatively impact a global analysis. Instead, CPASS presents an alternative approach to investigate the functional evolution of PLP-dependent enzymes by restricting the analysis to the conserved, functionally relevant active-site sequence and structure. A total of 204 PLP-dependent enzymes had a structure deposited in the RCSB PDB 34 that contained a bound PLP and could be used for a CPASS analysis of functional evolution.
The results from the CPASS analysis of the PLP-dependent enzymes agree with previous findings that the enzymes developed from four different fold-types in the last universal ancestor (Figure 1) . CPASS further clustered the enzymes together by specific function within each of the four fold-types. Again, this is consistent with the existing functional annotation for the PLP-dependent enzymes. It is critical to point out that the CPASS analysis did not utilize the fold-type classification or the available functional annotation to generate the phylogenetic network depicted in Figure 1 . The network was generated strictly based on the CPASS active-site similarity scores. The fold-type classification and functional cluster labels were simply added to the network after the fact. Correspondingly, these results demonstrate the reliability of using enzyme active sites for comparing distantly related proteins to infer an evolutionary and functional relationship. Conversely, it was not possible to generate a similar function-based network for PLP-dependent enzymes for the four fold types using either global sequence or structure similarity. A network generated from sequence alignment data results in an essentially random, nonsensical map because of the extremely low sequence alignment within and between the fold-types ( Figure S1 ). Similarly, a network generated from structure homology data groups the PLP-dependent enzymes into the four fold-types, which of course is not surprising since the fold types were defined by structure homology ( Figure S2 ). But, any further refinement into functional clusters or any association between the four fold-types is, again, essentially random and irrelevant.
In order to maintain function, the active site of a protein remains highly conserved. Similarly, as the function of an enzyme evolves to accommodate a different substrate or catalyze a different reaction, only subtle changes in the geometry of the active-site or moderate sequence substitutions, deletions or insertions are necessary. These active site changes are likely to occur in a slow and step-wise process utilizing the same mechanisms that drive overall molecular evolution. Maintaining an active-site change will depend on how the new (if any) enzymatic activity is contributing to cell fitness. In essence, a sequential path from one active-site to another is expected where the observed sequence and structural changes directly contribute to the functional differences between the enzymes. This is exactly what was observed in the CPASS derived phylogenetic network. Nearest neighbors identifies subtle differences in active site sequences and structures that occur as the enzymatic activity and substrate specificity diverges. In effect, these changes identify an evolutionary path for the divergence of enzyme function. As an example, ACO transaminase, GABA transaminase, L-tyrosine transaminase, and aspartate transaminase are fold-type I enzymes belonging to clusters 1, 1, 4a, and 4b, respectively, in our CPASS-based network (Figures 1 and 2) .
A direct comparison between the ACO and GABA transaminase active site structures identified a single amino acid substitution from a threonine to an asparagine, respectively, at the entrance to the active site (Figures 6a-b) . A MSA of several ACO transaminase enzymes further verifies that a serine/threonine is conserved at this position (Figure 7a ). The serine/ threonine is most likely necessary to stabilize the larger ACO ligand through the formation of additional hydrogen bonds. Previous work has recognized the function of the conserved serine/threonine, 59 ,60 but has not identified the residue as being a primary difference between ACO and GABA transaminases. Conversely, a MSA of GABA transaminases confirms the presence of a conserved glycine/asparagine at the entrance to the binding pocket (Figure 7b) . A small amino-acid at this location may open-up the binding pocket and/or increase flexibility, which, in turn, may lead to substrate promiscuity. 57 Thus, the glycine/asparagine to serine/threonine substitution may simply reduce substrate promiscuity and increase the selectivity to ACO. Inspection of the differences between the GABA and Asp active sites reveals the addition of a Tyr side chain in the active site of the Asp transaminase (Figures 6b, d ). The hydroxyl group on the Tyr side chain is known to stabilize the internal aldimine between the PLP cofactor and the catalytic lysine at physiological pH and to increase the k cat for the reaction in Asp transaminases. 61 Binding pocket hydrophobicity is also increased by the presence of the Tyr side chain, which may explain the moderate affinity of Asp transaminases for aromatic amino acids. 62 Importantly, ACO and GABA transaminases substitute a smaller glutamine residue to hydrogen bond with the cofactor. 59, 63 A MSA of several Asp transaminases from functional clusters 4a and 4b shows that the Tyr residue is highly conserved (Figure 7c) . Lastly, the progression from an Asp to Tyr transaminase follows a spatial substitution of Asn to Tyr as opposed to a sequence substitution. The Tyr at the entrance of the binding pocket fulfills the same role as the Asn by forming hydrogen bonds with the PLP phosphate group. However, the effects of the spatial rearrangement are twofold. Mutation of the Asn in Asp transaminases removes a coordinated water molecule from the binding pocket to make room for aromatic substrates, 64 and the presence of the Tyr side chain increases the hydrophobicity of the active site. 62 Therefore, a single spatial substitution can greatly change the affinity for certain substrates in Type-I enzymes. An MSA of five Tyr transaminases confirms the conservation of the Tyr residue in the active site (Figure 7d) CPASS recognized these subtle, sequential changes that occurred between these four, nearest-neighbor active sites while also acknowledging the overall active-site similarity. This enabled the close grouping of the ACO transaminase, GABA transaminase, L-tyrosine decarboxylase, and aspartate aminotransferase within the same functional cluster; and, importantly, the identification of a clear evolutionary path to achieve the observed substrate and functional divergence.
Conclusion
PLP-dependent enzymes have been a common target of molecular evolution studies, but prior efforts have been limited to small subgroups due to the low sequence identity within each fold-type and across all PLP-dependent enzymes. 2424, 31, 32 Instead, we have demonstrated the first phylogenetic network based on functional evolution to model all PLPdependent fold-types together on a single network. We were able to correctly cluster all the PLP enzymes into their previously assigned fold-type simply based on the sequence and structure similarity of the PLP-binding site. Furthermore, the enzymes clustered based on their EC numbers within each fold-type cluster. Our CPASS-derived functional network allowed us to follow the step-wise evolution of substrate specificity and catalytic activity. Effectively, nearest neighbors in the CPASS-derived functional network were related by single-amino-acid changes for highly-conserved active-site residues. It was not possible to achieve a similar network using either global sequence or structure similarity. Thus, the study herein successfully determined an evolutionary relationship based on function between many diverse and highly divergent PLP-dependent enzymes using the available active site structures. Also, our results clearly verifies that CPASS is an effective approach for identifying an evolutionary relationship based on function using similarities in active site structure and sequence.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A phylogenetic network analysis of 204 PLP-dependent enzymes with ligand defined active sites in the PDB. The red, yellow, green and blue colored regions and protein structures correspond to fold-types I, II, III and IV, respectively. Individual clusters found within each of the folds represent groups of function specific enzymes and are numbered 1-13. The network was generated using CPASS similarity scores and the Neighbor-net method. Table S1 and the associated network map is illustrated in Figure  S1 . Table S1 and the associated network map is illustrated in Figure S2 . 
